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ABSTRACT

A small scale ground ,.,,.,.,°¢4_"',_,.,._,.._,4",t,_.._ ),¢_,4....... )o _tudv the _round plane, flov, field

generated by a STOXT, aircraft in hover. The objective of the research was to support

.Moue_ Ct.SPI'd )NASA-Ames Research Center planning for the Large Scale Powered ' ' te.qt

for the AReA-sponsored ASTOVL pro, gram. q,,.,oi_3r,|t, _rnall ._¢ale oil flo,x

visualization studies _ ere_ conducted to make a relative a.s_ssment of the aerodynamic

interference of a proposed strut configuration and a _,all configuration on the ground

plane sta_ation tmc. A stmplified flat pla_c ,,..a,._ ..... ,,-,,,,,;,;,_ ,_¢, generic jet-powered

STOVL aircraft v,'_ ,j_d !c_ simulate the LSPM. Cold an" jet_ were u_d to simulate both

the lift fan and the t_'in rear engines. Nozzle Pressure Ratios were used that closely

"r'_.o riO"' _..;_,,.li-_tir_r_ data clearly identified arepresented those used on the LSPM test_. ,, .....................

shift in the sta=o_.ation line location for both the strut and the wall configuration

Considenng the experimental uncertainty, it was concluded that either the strut

fig ...... A ,_nl,." "a ................configuration or the wall con uration ,.,,,,.,. ...... _;_nr m'r-d):namic interference.
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I. INTRODUCTION

A. BACKGROUND

For the past few years, the Department of Defense (DoDt ha.., been investigating

the possibiiit) of providing the next generation of air _uperi._ri_ fighter with a Short

Take-Off and Vertical La,adirlg ,..,,,.,,,., ,.,_v,_,,,,,._. ,*,,-,,-_,u,.,,,._ ,,.,,, ,,.,, ,,., ,.,.

formulation and funding of _,e Advanced Short Take-Off and Vertical Landing

(ASTOV'L) aircraft program. Therefore. the Advanced Research Project Agency (ARPAI

has invited the Lockheed "'..... ., ,-, .... , ........ ,-. ......... ., ,r,..--, ,,,.,-, .... ,,
Au_, ,*LJ_CI.I L/Cs, CIUt3IIIt:lll %.,tJllllJdlll _' (b/'_.l../k. h ib'l_..jb/Ullllt_lj

Douglas Company (MD). The Boeing Company. and Northrop-Grumman (NG!

corporation to submit design proposals [Ref. 1]. In March 1993. comract., were awarded

to LADC and MD for the "-"-"--' ....... ':"^':^- -*'-'- *'--: ..... ' "'" ..... ' ....
IJ_. II Iltu/I U_) _, _IL11 q.JhilL I tall I ill la_k.'_l_;. DK)_III_ a.'l.II UI ._IkJ .111C _LI .N_.;

participatittg in the technology validation phase.

N s, SA Ames will test the Large Scale Po_'ered Models (LSPM) in their 80' x 120

wind tu.,mel for the forwa.rd ,:.t.. _1. ...... ., .,.. I. ..... i. .... ,-.u.. _:~,_. ,, .,.,:.: ..... ,
lll_llU IJIl_l."tl, dlit,,,I Ikllt; II_I_Cl |,milll.%C tJJ LIIC |ll_ilt. ,,"%UUIIIUIIdl

hover tests will Ix conducted at NASA's Outdoor Aerodynamic Research Facility

(OARF]. The prototype will be supported by _truts to allow tesfin_ of the _otmd effects

of Ihe ASTOVL in hover. "l_,e _t ........... ,_.,. ........ - _, • • .,_ :.... ,F,,a,-,-,,,..,, vt u,,. ,t_u_ 13 v, _da[ ii_i_Gil_';c.c. ]," i_ u_._,,_._

to place the struts where they _'ill not interfere _ith the flo_ of the test model in hover.

A small scale visualization of the flow field on the ground plane can give a qmck.

qualitative compark_n of ,t,,_ ..-.,_._.t n .... r...t,_ ,...,,. ,, ........... ._ ...;,_ ....... , .........tp_ Itl_._.a_,i Jlt_tx=tl_,l_dm w_lUt I tll%= _tlt,Jt) _tllt..l _ltJltlU_t ttl_, _LIUL,_

"l-best data can confirm a favorable placement of the struts to minimiz_e the _erodynamic

interference.

tka t,,-,t_r¢_,,-.,; ..... ¢" ,,,-0ll, t ..... a:,,ll,- o_1 ..... *k,_ /'_4,DE ¢",..NASA is considering ,, ........... ,,.,,,,,, _,, .,,,,,_. ,,, r,,_,,,,,,: ,.,,,.,_.,,..,,. ,.,,...,, ,,,,

noise abatement masons. Economy dictates that a sin',diet wall closer to the model test

area will reduce costs. No money i_ saved it the wadi interferes with the te,,t a.._d produces

questionable data. It is reasc, n,_bic v,; cxv, ccl ""-'[' 'a ' _"'[[ U_['_''"- k ...... : ....... _ _ " [1_ _ "" " ; _ C ...... " _ ' '1 ' ''l: 1'_ ' ' ' _' ' a ' _....



no effect if placed far enough from the test model. Testing conducted u_irt_ a sm.:dl-<,:ale

flow visualization test rig can yteid data to determine how cio_ the _aii can oe rtacecl t.o

the LSPM so it does no, "'' .... ,i,_, ,_ ...... ,_ ,,_,,. n .... ¢:.°i_
Illi_ltL_I_ tvltll ill%. _._l*.dt.lli_._ _k,i_illh, l, lKete_r lib, lit.#

B. .!ET-INDUCED GROUND EFFECTS

As discussed, for example, by Platzer and .Margason [Ref 2]. depend:n_ on the

height of the "- ¢" k ..... _........ a .t._.: .... c....:_l.._._ .... c ......... .-,,.... ,_.alr,.ra,t au,o,,. ,._. _,_,u,,u. t,,_. ,_,,.,al, ,-.i,i VlOUU_.¢ ._ ,:ot;,lta,, ;llC.t Ilia( _dfi

increase the net lift of the aircraft or produce an entrainment of air that can lead to a

suckdown effect reducing :he net lift on the aircraft. Therefore. unlike conventional

aircraft, the STOVI. -:"-^_ ......... "-" '--- ':_" -'.......... -' -_" ....a,lt,.ia.tt _.adi a_tt,lmt/l_ lo_ lilt UU¢ tO _,_. Err _tatlU Ct lC_.t_.

The ground effects for a STOVL aircraft can be seen in Figure 1 The main

component of lift is provided by the exhaust of the front and rear nozzles. The fountain

effect is produced p, hen hie imi.,htgh_g -"'- ....... * "- ^'--cmiaunt:_ oa tJtt_ [_,0 i_i'i_i'ji_S iM_:i'aCi Oi_ ua: giOiihd

f

il', !li il"
WALL _ !

ilk m

e_fto4.1Nl_ l,l.,_

Figure ! Fh::_ Fi.:}2 £_r 5TO\'L .a.:rcr'2_ H_: or:,':': :_ .c..-r;;...::d_f."::.



andtheresultingflow is divertedup. ca,isil_.g additional lift on the aircraft. A reduction in

lift :s Froduced when the °;_ .... :....... :_..4 k...k_ ^_t....... :-.- ..-,.._._.. • ,_ ....... t..a, Jlllt,*_, i.'_ Lll_i_.llll_..4dl Ik)_. LIAK KSAAIC,.IId._I J_.t_ Ili_.lUk|tl_,_ _i_" little, I.III tilt

bottom of the wing ,and aircraft,. The fountain effect is more prevalent at tile lugher

heighty of hover and the suckdown i.-,more prevalent at the lo,z.er heights. It is important

to determine at _dl heights if there i_ an, iaierferer,,_e _.......... _- ....... _ __ ...... L.. itUllI []-t_ 5tl',.ltb tll._t t.ouLta _..lidAl._t_* tilt:

fountain effect or the _uckdown effec: on the te_t model. The effect of the wa'.l on the

ground-plaoe flow field must also t_e determined plior to the construction of the wal! for

any testing at the OARF.

C. SCOPE OF TItESIS

The aim of this thesis is to support NASA Ames Research Center's planning for

LSPM hover tests foJ '.he ._RFA sp0ns0ted " ............... ' ''- " '" FighterLOllllIIOII /'_IIOrCIklDIC Liglit*,,*,ClgilL

(CALF) pro_arn. Specifically. it was aimed at conducting ._mall-seale flow visualiration

studies in the Naval Postfladuate School (NPS) Monterey. CA ground-effect test rig on a

simplified flat-plate "" _ .... : .............. : -t*,Unl i_._u_atl Ull 1_...|)l_:,Cll I.dlt I _ K" i}f d......P..CTIICl1_,.'--7_ Jt:t-_.,_}'_ CIEU:.............. ! de"r'c"_ltU v l..,rl till _. lall"":..... t.

in hover. The support-strut and _,all interference on jet-induced ground effect_ wa_

determined by the oil-flow technique on the ground-plane.

The general procedure ,,_,,u,_,.,, ,,.,,. ,.,,,,_,_L, ,,, c_pa,'-ing ""....... ' '_ .... "LU_ I.._lk.e_',..tllt.l'llt.3"¢_ _.Jll

pattern and stagnation line produced b_ the model without the wall_- and the struts

(ba.<eline model) to those produced b_ the model with the struts and those with the struts

and w_dls. The strut I _";'" hh

NASA Ames OARF tests. The wall location was chosen primarily because of the

dimension of the ground-effect test ng. This distance ,,,,'as ve b close to the closest

proposed wall 1 .... ;...... ,,._ _.,,t,r_- ._ ...... , .c .............. a ._._. _..._- .... a ,.._.

nozzle thrust ratios were used to cover the antieivated operating conditions in the OARF.





EXPERIMENTAL ""_' '_ "_" ""_r_._._ ! _[I.

A. MODEL

1. Scaling

. l'| iL)LIU 1The major consicleratio;I f_,r the mod,zl sizing gag the relative size of file - _''"

nozzle_,, to the [.SPM s nozzles [Rel.' ' 3]. '_ " _¢¢^_,;,,o ,4; .... , .... _ c,c_n_,_,-,.d from the

nozz,,, of the model has aexit area of ,'.he for_'ard nozzle of the LSPM. The foreoral " '"

diameter of one inch and the scalin_ factor wa_, deterrruned from the ratio of the effective

diameter to the models for, yard aozzle diameler. From,, °_'L,,.,...... ,_au.,.,,;"' ,..,.,,.,,"_"h n,,,, ,ho,,.. Iv..r,....... ro_r

nozzles of the model w_ det¢._r_._i.n_edto be 0.39 inches iv. diameter. The model and nozzle

configurations are shown in Figure 2. An appropriateb scaled generic model was

installed u,ith the nozzle setup.

/

/

/

i
i

T
,J¢

Figure 2 Nozzle and Model Confi__uration



2. Nozzles

The nozzles used ,_.... + _...... = ...............................

diameters were chosen to represent the exit area for the given scaling factor. The nozzles

wcre fitted to the _cale model at the appropriate distance corresponding to ti_e scaling

factor and attached to the two-inch "--_ccu"-:tnl_,z.,,.... ul"_at.......,,uFpj,cu'- the .'" ........... aa-.An

acces,,,_ was provided at the entrance of each nozzle configuration to mount a pitot tube for

pressure measurement. The nozzle designs are ,,,hown in Figure 3.

3. Modd Construction

A generic model was ,a_rl f,_r the, air,'raf* mcwleltn _ oicl -my nmnriel;0rv de,ion
.......................... • ..... . r + - i,- ...... _ .......

information. The model design can be seen in Figure 2. Because the nozzle sizing

determines the overall _ize of the model and LADC and kiD used two different nozzle

sizes, the models were simi!__r in :h___ b,_,t different i.n size. T..he mode! w:_,.-con:t.n_+,:ted

from Plexiglas with flat edge.,.. It was delermined that the flat edge.,, would have little

effect on the ground plane flow ['Ref. 3].

B. SUPPLY AIR AND TEST RIG

The air was supplied b) the existing facilities at the Naval Pogtgraduate School

Gas Dynamics Laborato_'. The suppiy air provided up to 300 psi of air. The tests were

carried out i_ the NPS gr(-alnrl-offPc't tPct rio nqPrlin th,, nrox,'iotlg inve_tioz+tit_n [Ref 41

Two modifications were required to the test rig for this stud)': installing the ne_ nozzle

sizes on the feed pipes and fitting the ne_ model to the n,_.zzies.
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Figure 3 ,, 39 _-_._ _ N,zzz[e De.-i_m



C. GROUND PLANE

1. Surface Platform

The a6-inch square wooden frame used in she previou_ investigation g_.,

d q for the e._perim_rll c_.... i, ...... I ....... ; .... -_, ._ ........... ,_l ......•"! _ u_te {'u_'re_[ . ,Atllll.g Ull.. ,)ldl,,il. IU%,.iiIIVII.", IVl Lll_. i..Ulil,.ll_ ItlV%.I_..I _,¢lt

different, the reverse side of the frame was used with a new sheet of "aluminum to

accommodate the new ,_trut !ocations.

2. Lift Mechanism

The aircraft model w_ n,i mnvahl_ _nri lcl _-h.qnoo th_ relniivP hoioht elf tho rnclclel

aircraft to the ground plane, the height of the ground-plane was changed. The ground

plane was placed on a hydraulic liii to change the relative heights of the ground plane.

The existing facili._" _....,,'_i,,,,,,-,,,.,.a,,..v,.- •-- f<'" ,h,_ ,,,,,_,.. a. n""' h,m,..,,,li,- :if, ,,._ ,,,,,:.h_,,,_,t r,_

replace the previous hydraulic lift (m loan. The neg, lift is of the same precision a.q the

previous lift and did not increa._ or decrease the accuracy of she measurements. ,'_nc

ground plane was leveled to it+ exit nozzle plane.

D. STRUTS

NASA originall_ was going to cOaStrtict a chh-ie and supporl _$.siea-, ior ,,,c

LSPM. This gould have al_ advaniaoe of not interfering with the _ound-plane flog'. The

associated cost and time penalties made the strut configuration a more attracaivc

al_:emative. The struts in the 80" x i_u wma tunnel could be usea in the GARF. ,he strut.,

are arranged in a triangular ¢onfgo.r'.,_!ion_ wj!h !w_ ma}o moun!5 agd a nn_ _,pperi. A

similar configuration _'as used in the previous sludy [ Ref. 41.

The smlt size and placement gas scaied for the present model configurai.it)n,

shown in Figure 4. T,h.c stpats in !bJs study a.re ,__den doweb _The m__i.n,s!.nj!.,- .h.ave a

diameter of 1.33 inches with a separation of 26.67 inches. The nose support strut is a



woodendowelof diameterl.OO inch _ith a separation from the main strut centeriJne of

16 ""t_, inches.

t,_O

:I

1 2t,._, 7

Figure 4 Strut Position Configuration

E. WALLS

The te_tin_ of an ASTO_,_ "_;-_'"'_ ;'_ h ..... - ,.o,_,. ,,,_,_,-,_-_,_. -rh,. _.,_.;._

arc at or near maximum thm:t conditions for long periods of time. Due to safeR and

environmental concerns NASA is studying the idea of placing noi_ abatement walls

around the OARF To ;-'_ .... c, ...... I_ ,,.;11 _,, ,_o,.,_.4 ,,,_1,, ,,, ,_,_ ,-,^_, .-_,_,-_1 c;a,_

of the OARF. The sides considered for the walls corresponded to the sides of the OARF

where the nose and nght stde of the LSPM wllI be located tSee Figure 5L F:urthcr

reduction in co_[ can _,,. ,,.,_,,..u bv ..d..-.; ....... II ...... 11 ,..,I.... t,-, tl-_ ('_ _tDl_ I_,,- tl-,_

placement of the wall cannot be too close or this v,ill interfere aith the ground-plane

flow.



Of the man)wall configurations,a;hich were proposed, the configuration v._th the

wall ¢]o._._¢5ttO the ,_,-,Aol,,_,u,.,"'"_¢,_,_,t_-t_,.4,,.,,.,,l_,,.,.,,,,..-,.""if .,..,I_.,,,,.,"ff''t,_'a,,IA...._..h_, Ar,tc,,_r_,3it _.nuld he

with thisconfiguration. Wall modeling was accomplished by placinga largepieceof nne

inchpl.vwoodadjacentm the leftsideof the _ound-plane testplatform The placement of

the walt was on the left siJe ,.,f ,,¢ -_' _'-' ...... _".... ,..._... v _ c ._ ......... 4 .,.,. .......

the right side of the LSPM. Due to the suppl? air lines, it v,a_ a difficuit task to place the

wall on the right side of the model. The wall near the nose section w_ modeled b',

placing two office diviaers "adjacent to the ground -"-v_,_,_lest secti;_n. "'-:- .....I II1-% _Lll_i.ll_%lllkilt

allowed the wall to be testex_l af all the anticipated heights of the LSPM. The _alls were

choser_ to model the proix_sed noise abatement walls and for ease of assembling the wall

configuration.

j,"



Figure 5 Proposed W_I Configuration at N ASAs O,M_.F

'1





III. EXPERIMENTAL PROCEDURE

A. OIL-DOT TECI_1IQUE

The general procedure for obtaining the ground-plane oil-flov_ visualization wa.,,

to apply the oil to the ground plane using a wooden template, adjust ,,he height of the

ground plane, and turn _c ;.... ¢......... ; ..... h. _,.... ,,,,,,,-_ Or,,,, ..... _ .....

measurements could be. taken and the proce:,s could be re_ated after cleaning the ground

plane. For more detafl_ see P.ef. 4.

1. Composition Of Oil

The composition of the oil v,as of vital importance for good results. Earlier

research [Ref. 4] suggested mixing Pennzoil 10W-40 "+:th STP oil treatmenl. Some test

d nfirm "_".... _'+ <l ..:1 ,.. e'r_ _; .........,,., .._,,..1 v,+......... ,_runs were conducte tO CO u,at u_ -,. _,. _,_..,, • ,,u._.,_. ,,,-, +_,,. ,.,_.,+.,,,,.,,,,., ....

and photograph._ were impro_e,.d by using color pigments. The amount of pigment added

was subjective and not measured. Four colors (rocket red. aurora pink, blaze orange, and

saturn yellow) were prov e _,, ,,,,. ,_,,,,-,.,,,_ ,_.......... v ...........................

2. Application

The oil-dot technique was chosen over a brush-type application to study the iocai

surface streamline ,'o"'_" For "'"';+'"-"" _n,_ ,.,,,_ ,,f ,nnl,,ino th,. ,,il ."l&t_ ,a To_,cw_Aor

template was constructed. The template consisted of a matrix of 17 x 17 holes with a

diameter of 0.25". Additional oil drops couid be applied manuali 3 _hen it _as deemed

necessary.

B. NOZZLE TtlRI.ST RATIO

1. Pressur_ Ratio

Three nozzle ,h,.,,c, ,-,,;,_c ,_:a'n',_ _.,,r,_ ,.-_t,_,-1a,,,-ino *hic inw.c:igarlnn' f_ q'_ I

and z..9. The nozzle thrust ratio is the ratio of the thrust produced from the rear nozzles to

the thrust produced from the fi'ont nozzle. The thrust ratios were provided by NASA

Ames. Using NASA Ames ._,..,_,,,,0o re,.,. A,,.,,.,,,_,,, A] '_".... -,_.. ,h,-,,,, ,._,;,. ,,,_,..



converted to nozzle pressure ratio., ' .n .... '- " pre_,.,ti;e gauges _,,u,u _,_ u.,_:,_ ,,, .,_-,

the proper NTR.

2. Setting The Pressure Ratio

Pressure was comrolled by an independent pressure reguia:or x'_ve attached it,

each of the feed pipes '_al ,;.'ere connected to ,.he nozzles. !eside ee,.-'h .,,.omz!e w_s :, ,,?ito:

tube. The pitot tubes were connected to large pressure gauges with a precision of ±0.5

psi. The atmospheric pressure was obtmned eve D day so the proper NPR's could hc get.

Once the NPR's were set.....a..a;,. ,._-o,._., ,.,_ ,_,o _,,.,,,,¢,.,k_,. ,-,......... ,,a ,_ .... _..

pressures were conducted.

C. GROL-h'D-PLANE I_.IGI-IT

1. Specification

The preferred manner of referencing the _ound-plane height is to measure the

height of the model above the g_ound plane and divide it by the equivalent diameter of

the total exit area (b'De) of',.he .... _- "_" .... ": ..... "^-'-' _'-:_" .... I".............IILICLI.II=._. lll_ ilL.¢IlUIII/g_I|_,I_I|_ II_.I_..llL3 l.li61tt _,'_'_ [tlg.gi._t_lk._./

in the NPS Ground Eftect Test Rig were 1.2A.6,8.10,15. These were chosen to coincide

with the expected te.gt height in the OARF and earlier research.

2. Setting The Height

Belore an> runs were conducted, the ground plane _'a_ leveled by placing shims

under the hydraulic lift. Several measurements were taken of the _ound plane arid ,'.he

le 1"t _q..-,_m_.nt, ,.,,r,_ ,_t.,,, qt ,_'_,..-,..,. _,,,;_.h.¢ [_, ,,,,,,,,,- .h,-, ,,.,_r_. I,_,..,_ at

the heights were changed. When the ground plane was adjusted for the proper position of

the model in relation to the stru_, C-clamps were applied to protect against large

movements. Periodic checks to c_;gtirc pK3pcr ,,,_ta|,_,,,"_:.......... 'a'crc _,,,,u,,_a.......,,..,.,.

D. PHOTOGRAPI_'

Photographs were taken of every" run to record the flow visualization effects of

each run. The camera used v,a_ a ,,,,||u,_ a,l_,,,t ,,,tJ, a o,J, l.-, l_lta. ,l,,,l_',;. _a;;',

_J



variations of lighting and exposure times were tried. After man,.' different triai_ it v,'a_

determined that photos ink-on__...,in.....hlzc'k'_..... ]io'hte.........,,.',_, _,,,....Y-s,.e_, ,,t. 5.6 and an e*.,_. :,-.'r,: ,im,: of

mo seconds gavc satisfactor? results. Black and White ASA 400 film was used.

The camera v, as mounted on a tripod to capture the entire l'iov, field in the

photograph The ,,4,,,,a,.v.,,..:va_ ,-m"......'_0'_¢':"_ _........... ¢ '_" _............ ';"" Te',e ....

fluorescent blacklights were purchased to improve the lighting of the floxv field "lhis

inexpensive improvement increzmd the qualtty of the

blacklieht was also used t:,.)increase ,,,,.
_lll).JUlll t)dlt JkJ,_,_lli,

E.

the

photographs One lx_rtable

MEASUREMENTS

The primary record of the test results was the photographs• In ordex to quantify

result.,; for comparison, ,.'r_,_a.;urem_nt_. "_ ')"........ ;_ t. ........... ._.. T,.._
Ill Iv I l_t,.. .'%I _,=_ I 1 _./J U I i | JI J 1_)_ _ Ik,.i tit. | Id)g.t, lk_ It.., I l It,.-

stagnation line is the loci of points where the ground-plane flow velocities fi'om the front

and rear nozzles cancel each other, leaiving a buildup of oil. Usually this butidup is small

allowing for accurate ,-,_a¢.r,.m,.nt¢ I. _,_ ,vt,,.m,. ,._,o _ ,.,.,,,_._,;,,_ I;,,,. ^f

approximately 0.15 inches wide was obserced Determining the exact stagnation line was

somewhat subjective, decreasing the precision of the measurement.

Due to the i;uge range of.NTR's and hei.-,.h!__.¢,..A th,. ¢.t_o,n:_tion lin(. v_ri,=d in ire

shape. At _me lo,xer heights, z discontinuous line _a.,; obse_ed (See Figure 0_. These

extra area.,, of interest were recorded. Depending on the pressure ratio and height, the

stagnation line was ob__rved to ".bend" ft,.,'w_,'d ,_)r"bend" b'-'ckwa._rds. Th.': m_e:hed used te

locate the stagnation line was to measure the distance from the stagnation line to the

centerline of the two main mounts. Measurements were taken at three points; the center of

the stagnation line, and ).he two po.i_t., of the s).ag.,._).ie_ !i.-.c !ha _. ceip.cided wi!h '.he

wingtip extensions (See Figure 6).



J - +_'_NGIJ,NI_d3"_tAC.NA ,-IC,',' :.;'_F

l?,'ra,.J_ P.CT:,,CIv
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Figure 6 Discontinuou_ Stagr, at+,_n Line and Mca,,urcmcr, L,, (,t C.:_,,un,i +-_,_,.,_+ ,.,
Line



IX'. RESULTS AND DISCUSSION

A. EXPERIMENTA/L ACCURACY

1. MeasuremenLs

The eround plane mca.;arcmcm:, "' " ............ :... ,:.......... _.... ;....... T" U' Lllk )t_l,_llgJktlVll llllk V_k.l, _t ._.1_. g._,._llig2 ¢._ ,_t_,.,_,.I

ruler with _aduations everx 0.02 inches. "l'b.e .qtagnation line v,a_ in all ca_,,es thicker than

0.02 inches, in some cases as thick a_,,0.15 inches. "[he cletermination of the location of

the sta_atiov, line in the:.e ca._.es _va.s done if_ a sabjecti_e lii,_BiJ/2i aJlc iJ_,t_uJtziJicut

uncertainty was estimaled ro be _--,4_05incheq

A complete uncertaint3' analysis would consist of numerous runs and deterrruning

some statistical erro_ for each te+t +u,nun,,a., uuc .., tircte g,L)ll_t/d.ll/t3, Ulll_, iI|lC'[ I UII5 _,_EIC

conducted '_br one test condition to check for repeatabilit). In order u_ quantify the

location of the s:agnation line. meagurerr_ent., were taken at three points on the line. All

distances were measured r._ .,. ........ :__ ,: ..... ,. ........ ,:_. _, .,._ , .............
l.l(t.)J_ Lilt *'_*l_l_ildlkl_k.Jll III1£ ILL/ 1114£ LI_IILgilIII_,; _1 tilt. t_eL_ ;'_gil;'_ ,_tLItJt.'_,

One meaxurement specified t,hc stagnation point (i.e. center point of the stagnation line)

The other two measurements represented the points on the stagnation line that coincided

v, ith the inter'_ection ''_ " .... ,,,,,,;., ,,,,,°,-,_;,,, u,,,o.- ,_,,,. F g' W ,,,-_,,h,,,,., ,_ ....,, .......... =,,_......................... :gure,,,. h:n _,-v ..... __.......

distances were uan_formed to represent the corresponding distance_ from the nose oi the

model to the stagnation line.

2. Test Conditiam

It is recognized that reprodacing the NTR's. heights, and other parameters exac_lx

from day-to-day ,,as not possible. The test condmons were kept a.q uniform as possible

th _'_,- ,-,I;_¢4r,_,-_,_ • t,,',,-_rr,_r,_*;,",,_¢- t_ ; , :m n r_ _a n_nrc n_ m,,_h _e _nccihl,'.betwe¢ll e flirts ,.. u,,,_,_,,, .. ...... &,. .......... "' ' ..... ','"'-'- '-,,_',-" .... ,,-.-,, ,--' v ...........



B, REPEATABILITY

To assess repeatabilit- ''_" "." :c_" _"_ ,h ...... .,.. ................ +,,,.,,.t "_...

configuration chosen corresponded to NTR = 0.92, with struts and no wali.. The

dmtazlces, v.et¢ averaged together and the individual run_ v.ere compared w the n_ean

value,

1. Stagnation Point Me_urement_

The results of the tkree te_t run_ and the mean are shown in Figure 7 The largest

difference fl-om the mean wa_ 0.15 inches and occurred at iv'De = i0. "'he overall average

difference from the meaa was 0.05 iw;.he_,

Rei=eaabili_ - Ce_er

l'1_0

Figure 7 Repeatability of Sr.agnation Point Measurements

" Left Wingtip Extension ' : .... a c. ....... :._ • :.. ,.,, ....... ,:...+¢- bllll/ 4111UI ++LO_IIdLIUII Jl.+llllg Jl.llLqgl ;_qk l_tl_lll

Due to the presence of a small asymmetry in the flow pattern, the left and right

measurements will be discussed separately. The results of the three runs and their mean

are shown in Figure t+. The ' ........ "*:"_........ "..... '- ........ _':-_- ....... "_ i""-'" '_,ld_l_._l_St I, Jlllg.':l_llgg ll+,;lll Irll_ IIIl';_dil, V+rlllk. ll +.-I_.+_.,I.lil_.Ad, _.J_ --

was 0.30 inche_. The over:dt ax erae¢ difference fr_,m tl_e mean wa._ 0.12 inch_:_

I,x



_13.1

t_e

Figure8 Repeatability of Left Wingtip Extension Line and Stagnation Line
Intersection

3. Right Wingtip Exteminp I,ine an.d_S!_gn.a.tion |_,ine !nter_ectinn

Figure 9 shows the results of the three runs and their mean. At l',/De = ,.,'>the

.... .I ° J J'tJ-'- .......... el ,_,_ :_ _t- .largest difference flora (he .neiui v,:a_.;[c4.otuctt. q-l-U-:utt_c_cucc . n_ "-IIII.,IIU.%. I llt_

ovendl average difference from _he mean _,a._ O. 13 inches.

!L,,
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Figure9 Repeatabilit3 of Right Wingtip Extension Line and 3tagnation Line

Intersection

C. GROUND - PLANE I-%OW FIELD VISUALIZATION

p] ¢1.-,_,-G.-.IA _.;¢,,_1;7_t;,-_..,.,_ h._t_c_h..A anti rf.r'_rder_ TheThe ground- ane ..... -.......................p...............................

changes noted in the stagnation fine were due to lhe different N'IR's u._ed and the

changing height of the mc-det. The most dramatic .shift was due tc_ a large ,,'aviation of the

NTR's. At the lowes,' ,N,r'l'R, ;- _ o_ r. '_" eta,,,ati_,,, !,.,_, ,,..,_ ,-r,,,,,,.,.,, _,,ith rg'_.ne't"f r(,, lht"

nose of the model for r.c,e i_7..:er height,, tested (Figure 10_. With an NTR :: 15. the

smgnatmn linc was re!ativel'_ straigh_ and perpenaicular _o the longitudina[ axis of the

31 ` = "-,.t","_ ,_."lr_,r.-,.,,,.......... ;' ! ). _,_ tl-_..,,, l_;,-,l_,-,et,,,e,,,." "NtP_" . f: A.9_. _h,,, _tuc_nztlc_n line" _,l:a,.nzrcraft for h/

concave with respect to the n,-,se of the model for all heights OZigure !2 }.



r

Figure 10 Convex Stagna_i0n Line _NTR = (!.92 h:'l)e = _.

f----

!

O

Figure 11 Straight Stagna,ficm Line INTR = 1.5 l-t/De = '- '_





Figure 13 Additional Stagnation Point> _NTR = 4.9 hoe = _1

D. STRL'I" VS. NO S'I'RUTS

The results of the stagnation line mea.,,urements for the configuration wi_h the

stru_ were c_)mpared _o :hose for the conliguration wtzhcut the struts ibaseline model_.

There _',._ a _hift in the _tagnation line that seemed t:., be dependent on the NTR An NTR

Jess than unitx ,092! pr_.,duced a tBrvard sh31t and NTR's _eater man u,,lt, _.1.5 and ..;.c),

pro_luccd :at: ,:,t .,,haft of the _tagna_ion line.

1. Stagnation Point Location

In some ca_e._, the s_ag'nation pom_ _ a_ large and determining it_ exact location

,_a5 dh'/]cui! at best The _tamaanan poiv.: c,-,u'.d be _:_ large as 1 m,:h m dian,etc'r .See

F:igure 14l. I-o e,,timate where .'.he stagr.,qion point w'a_, the stagnation lines _,ere

"follm_.ed" back to the center to give a better ind:cation of ,,he atagn, ation point..aa_ NTR

= 1.5 gave the le:t_t varJat_,-,n m the qagnation line and an NTR = ._.Q ,,ave the lar:_'e_{

_llifl in the stagna:i,-,n line.



Figure 14 Large Stagnation Point (Nq'R = 4.9 k/De = 15 >

a. NTR = 0.92

The stagnation point shifted slightl,,' forward with the addition of the

_truts. The largest shift measured v+'a.s at h/De = 6 and was (}.17 inches. The average

forward shift wn_ 0.08 inches Fi_urel5 shows lhece r,*¢,,t,,,.

Strut vs NoStrut - Ce'dg -NTR = 092

_3;1 ""_'_-'g 7 7_"-m+ "*
2.

""ak

g e_

C8: ......

_ _ .

.................. -lr_ ----

hoe

Figure 15 Sta=onauon Point Location *or NTR +-:-0.92

_-'.:



b. NTR = 1.5

The resuJt_ arc _ho_._.'_ _. I:i,_,,_,. I_ :,, hmj,_ = I(_ th,_ I ....... ., _h,+, ,,_" +_ _'

inches was recorded. Thc a_er'age shift of the sta_lation |in¢ with the addition of the

strut._ wa_ aft by 0.12 inche_.

c. NTR = 4. 9

The shift in the s_agnation point v,ith Ihe strut_ in place _,a,,, the lareest for

NTR = 4.9. The average shift was 0.18 inches. The largest shift occurred at h]Z_e = I and

was 0.28 inches and can b_ seen in Fi_,a,'c 17.

2. Wingtip Extension and Stagnation Line Intersections

The shifts in the left and right intersections of the wingtip extenqon hnes with the

stagnation line were not ..... ' a ......... _, ............... _:.: ........ ,
_=,_ _ltg_ &U d 311141.11 d%)' I | II J Ik.. U ,V _,, U| J_kJl tlklJ J IILILI_U

Stru_ _ NoStn_Is - Cer_w -NIR = i.5

3 "L: - -

t

+ \
" C;;
E

t

O_ ---

" 1P.,.84. ¢- ......

D_

C, ? 4 ,+

• - ST F+L_- _

_.. db

_0

12 14 ;C

Fig "-'-" ' .... :-- "_" "''"ur¢ 16 Stagnation ru_,. _ -,.-,u,,,, ,_,_ ,, _i,, - 1.5

",7



S_ruts vs NoSfruts - Center - NTR = 4.9

C'q " • ........................

E

1
_ 07 .........................

--,_-- _T _ _" _.

" - -+--- ._,V,F _ ".:.

-_-0 _ r Z
-'-I_L'-] _ _._

_O

0 2 4 6 E "_ _ 14 _

_/Do

Figure 17 Stagnation Point Location for NTR = 4.9

gh thi Xl_fiment Pc,r ..r .... . .... ,h ........ ,,., +..,... w_.r a T_,.
%111 . i .

average shift of the intersection .point__ on the _lagnation i_,nc due to the stmt.q wa_

measurable but wax less than the experimental uncenamt2:.

a. NTR = O.92

As _,l_ the o.... " .... ;., .., vTp " t, o'_ ,_,,. ,,_,,..._,_.,,.n .t" th_ ,_.,n ti_L._.... . ,,,., ..... = ......... o p

ex_nsion line and the stagnation lines shifted forward with the addiuon ef "5+ stwut_. The

left intersection shifted an average of 0.12 inche_ and the right intersection sififted an

average ofO.1g inche_, ,'P,,e ,,,,_d.,:;rn ,,,,,,., ,.,,.,.,,,,.,., ...... -" 5 ,_,,..

are sho_'n in Figures 18 and 19. These maximum values were 0.26 inches and 0.42

inches, respecti_,ely.



Strut _ No Strut - Let Siam- NTR = 0.92

0_ ......
_i

&

e.

_Ib.
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Figure 18 Wingtip Extension and Stagnation Line intersection Distance for NTR =

0.92 (Left Side)
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S_utVSNo Strut- Rig_ Sic:Ir,-'_'_,,,= 0.92
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4 ¢. _ 1"3 12 14 _.

r',d)o

Figure 19 Wingtip Extension and Stagnation Line int:rsection Distance for NTR =

0.92 (Right Side)



b. NTR = 1.5

There wa._ an a ...................... ,.,,,

struts present, q-he average shift ,_,as 0 "_" inches for the left and 007 inches for the right.

,f, and 21. Thc largest shift mcasurcd v+as 0.59 inchesThe results are shown in Figures "_

for the left and 0.34 inches "-- ""- --"" " " "_"- "tO1 J.J;c Jl_Jt" ii_[ei'._iiOTi, t)l_ti| O_'t_i.iJ_i'f _ -q[ v+ rr_ .,_,o,: - 18.

| -

+.
P. 13,_

i

0_ - --

_7

$truts _ NO StrUts - I, ¢,* S ICl6 - _ o.... - 1.t.,

6

----_---- _TI_UT2

-...

--..

?]+ +. .,.. _

Figure 20 Wmgtip Extension and Stagnati_m l.ine lnter_c; m Distance for NTR =
1.5 (Left Side)

c. ,VTR = 4.9

q'he intersections of the win_ip extension lines with the _tagnation line

showed 'he large_[ average sliifr+ "":"-_,,u,:,,"+"'+_P, = .,.-,.'" "":-,,,,., av_;a_.,_ -'-:" _a._ ,,..,':_ I :--'--- "--
.- _llllt

the left side and 0.10 inches for the right side. The largest shift was 0.75 inche_ for both

the right and left intersections. The_e shifts occurred at h/De = 1 and 15 respectively. The

results are plotted in Figure 22 aad r. , - ,. ..... •r_gt_re 23 for il_: ' " _u_o ,lelt ll_llt llilCl be_.tlOllb.

re._pectively.



Struts _ NoSIruts - glgl_t Side- NTR = 1.5

7,7

I

Figure 21 Wingtip Extension and Stagnation Line [ntcrscction Distance for NTR =

1.5 (Right Side)
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Figure 22 Wingtip Extension and Stagnation Line Intersection Distance for NTR =

49 (Left Side/



Struts v_ No $tru_s - Ri_ S_:lo - NTR. 4.9
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Figure 23 Winpip Extension and Stagnat,m i.me Intersection Dt_taa.t." Ior NTR =

..1.9 fRight Side_

E. WALL VS. NO _'AI.I.

The _,all configuration consisted t,f _aJi.- ¢+niv,,, .,idc. ol- iht: ic,, _,_,: ,t:Jd ti_.- g_':ui>

described earlier "lr'be ..n_.._.__Lir,:.rf_..9..r_ vcer.e _-o_.,_.p._,¢d_ !,. lht- b:._.t-llnt- cc-nfi.our_r_,'m

Similar to the strut situation, the shif: in the stagaatlon line v.a, difi_ren_ ccpcn&ng c,r.

the NTR. For an NTR less than unity _0.92 _. the pre,ence of the g._]i_ ,h_iicd ibm-

stagnation line ,;,,-_..,,,I _.,! for %'TI_'_ ,w,-zt,,r than ,,nit_ ;_ '_ ;,rid ._ c4, _1 ,,hlllt,t] thc

stagnation line aft.

I. Stagnation Point Location

The mea__urcmen! ef the ,, ,,,,.,,+,,n ,,-,on, h-,+ th.- _a,_a t+,tf,-,,J/i,-, .+_ ,n ih,-

previous configuration. The ._ame ger.er_l trend_, gere nuted while c_,mpar_r_g the gall

configuration to t_ baseline configuration.



a. NTR = O,92

The stagnation p_;-: _Ki._a _*'r wirF, rl_r- ._,4rliti,_n ,_', th. w:41, The i:_r_e_t

error measured wa,_ at hJ_)¢ = O and _a._ 0.40 inches. I-he average aft _hift wa,s 003

inches Fq__'ure 24 displays the results.

wcti vsNoWoll - C_er - NTR = 0._

h,_o

]Fi[[_ 2,_ " n.:.. ! .... :__ ,:_. _"1-1D _ o'_i11"(_ S[agii_[io[i rulHt LUL.,.IUU_j lUi .',A |_.: u._'.

b.NTR = 1.5

[he resul> are _ho_n inFi.£ur_'25. At h/_e - 4. the l_gcst errorof 0.2-4

inches was recor e • *"_ _'_5_ ,u, ,,_ u .,,,,,, ,..,,_,._..,,.,,,,.,_,....,.._._,.,,_,._,

the _.valis was 0.06 inches.

c. NTR =4.9

The shift in the ......... :"- ,-,,,,, ,,,_ _,_u,_ b'; 1_,,,,._ ,,,_........ e ........

N'TR = 4.9. The average shift was 0.21 inches Ti_e largest shift occurred a_ l',nDe = 6 and

,-.-)was 0.,,. inches and can be seen in Figure 26.
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Z. Winglip Exten._ion Line and Stagnation Line Intersections

Th(? _,'_mmot_iL" R _ln_1 .... I_]_cC_-_.,_,| in l_p _tmll et_n_llrali_n _I c_c. a]ct', nr,_c,_nf _'hr

the wal] configuration. The larger shifts in the intersections were. in general, observed for

the larger :,_TR

a. NTR = 0.92

As with the sta_ation point at N'IR = 0.92. the intcr.,,ec:ion of the v, in_tip

extension lines and the stagnation line _hiftcd forward with thc addition of the ,,_,alh,. The

left intersection shifted ar_ aver._c. _}f ,_.,.., ,,,,.,,c., _,,, ih_ ,,_,,t_ .,,,,cu a, a',,_ra_c c,f '_,,.`,,'_"

inches. The maximum si',.ift_ (:_curred at h/De = 6 and 15 and were 0.55 inche_ and 0.,1.6

inches, respectively. The plot,_ are shown in Figure 27 and 28.

Wall _/l NO WOII - Left 5K:b -NTR = 0 9"_

]_, - ............

]1_._..................................................

0o_

i_z mm

.... _ WALLS

I!

Ill --

C_

C_,:,

"lit,

Ii

-41 -'r _ --

.1,._ _._ _ 7 --41 .....

2 d _ _ 13 12 14 i_

Figure 27 Win_ip Extension ,_nd S......... :--, :--, ........... :,._ ,-,: .......... ,:_. ,,-.rt,ld_LlldtlOll l-lll_ llltl_l_,{,_tlkql Pl):z,_dl_C IUI i_ It ,t_. ""

0.92 ('Left Side)



Wall vs NoWall - R_t Sicle - NTR = 0.92

---e .... ,_._ L

_q_

l_,: _ * ......

o

;_._ ...........................

_, ,q._,'[- ........

z Q,, .................. ..,,. 4

l_be

Figure 28 Win_ip Extension and Stagnation Linc inter_ection Distance for NTR =

0.92/Right Sidet

b. NTR = t.5

There v,.:_ _m aft shift in both the right and the left intersections with the

s'_ I 4 3_-L .. £ ._ ,i._

wzlls present. The average shift was 0.i3 inches for the left and a _J.J., IIlcJtc_ it)! tile

right. The results are s_ow.-, i.n.D.gt, re: 29 __,_nd30 _The largest shift measured for the left

was 1.04 inches at h.q)e = 10. and 0 42 inches at h/De = g for _he right.

c. NTR = 4. 9

The inter_ections o! th,_" wjnglip e__.!.er:sion lines with the ,.;taxation line

showed the largest average shift ",_ith a NTR = a.9. This a_,erage shift wa_ 03'9 inches for

the left and 0.26 inches R_r the right. The largest shift was i _6 ina:he., fur ..... _ "-'i:ll legit,_ t|lC l_JL

1.08 inches for the ngh,. The>.e shigs both _c,_,_ed __:.hiD,: = 6. The r.,'_,:,!_sare plotted in

Figure 31 mad Figure 32 lor the left and right intersections, respectivcly

:2
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Wall vs No Wall - L eft S icle - NI" R = 4.9

c,._5
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Figure 32 WinglJp Exlension and Stagnation Line Intersection DLstancc for g'l R =

4.9 (Right Side)



111" • CONCI.USION AND RECO._i.MENDATiONg

A. CONCI.USION

A', the request of NASA Ame_. an :nve_tigation of strut and wall mtcrfcrencc on

,-_.,i; .... 1.... ._.,I ;,_ k,-,,. ...... * ,.,o,-¢ ...... ,4 T_;,. r]( A;¢¢ ..... ,_the .,z"round effect_ of a _,,,,,,, ._........................ v'-', ............... ;;"_

from the earlier research in that it investigated a different model configuration anti _d_,-

studied the interference effect due to v, alls. An oil-flow `,isua.l.'ization tectmique wa.,, used

m record the ground- and lit.ttd, ]_dl._K.I l,I lli_.,.lrdtdtlil_,__ ' LII_ ._La_,_IIdLIIUli itlJ, l_,

1. Small-Scale Model

The presence of the wooden dowels and the walls did affect the stagnation

streamline. The _hifi in tt, c ._ta_nation ': .......... " " '-^"- "_-..... " _^-_- ...... •........IJkll_._ Iq_'_.13[IJ i_l IJOlll LII[ _,dlL'_UIIII_L,IldtlVI| t..-d._

and the strut-configuration case depending on _,hcther the NTR v_'as abo_e or below

unity. In the strut-configuration case, the stagnation line shifted for,_ard when the NTR

Iwas _es__ than unit,, but ,-_,;,:,..a .,¢, .,._...., ,,.. _,_v ............ ,k ...... :,. _.. ,_..... n
31/,.Itlt_.,.%l (l..tl _ Iltb-ll til_ ,L ql I 1_. _¢_L'_ _.,./,t,...c_kl=_i l.|ll._tl _4111¢,._. 1|1 [ilk. ¥_4dlAla;

cenfiguralion, the stagnation line al_o shifted forward _*hen the NTR wa._ tes,, than unit3",

and shifted aft when the N"I'R wa._ greater than unit,;. A_ thc NTR w_._ im.'reased the

average shift of '_" ¢' .... ,;_,,-, ,; .... _,_,, ;........... a a ........ ,a- ,_,,. ,-,.,-,,..';,'r_,,,.,1 ,_:,,., ;.

shown in Appendix B. AI2 _,alues presented are the a'.erage taken over _1 heights tested.

Negati`,e ',,-dues indicate a shift aft and positive values indicate a shift forward.

/'although there wz_. - a,_finlt,- tr,=ntt nn_e,d ;n _h,- ct_,m'_t;r_n ctroamlin,'_ chi_'l' "he,

differences in the shifts were within the experimental uncertaint`, in most cases making a

definite conclusion difficuh.



Bo

used

substantially it, crease the accura_-,. ot the measurements of the stai2nation line

2. Experimental Procedure

-,, . elpl¢_.- K-RECOMMENDA 11,.,., _

1. Experimental Apparatus

!mp-evernen'.s such a._ a more precise lift mechard_m or pressure gau_e- could be

to increase accuracx. II i._ '-"-'"" "_ " .L.. :.............. _................. ,_
. tJOU. t)l I Ul LIlt.It L | iC_,'_ I I tl}.}l l, t V El I I_J|L:_. llk_rlL _ LI . '_' U laIU

hi order to mea__ure the difference in the stagnation line bec:_u._ of the cha_J_,2 it,

configuration, si,"r'j!ar t,.,, .... ,," _m ._l-_o_d,t ;,la:_ll_: I'_ P_rriP¢t ¢mt &nt, after znc_thar to

nuninfize the difference from other facters, such as not being able to set ",hepressure ratio

exact|,, the same as the previous runs. In order to minimize these errors, mam¢ more runs

should be conducted to _'_' _ ¢-tae;er;t-_! _'J.r'_r,_. l--lr..u'a._,a.v rlni_.- i-t_lrt rtnl h_.- rv-rfnrna._cl in

view of the limited time available. An alternative method v,ould be dnlling pressure taps

in the model and measunng the change in the pres,_ure distribution on the model. A rmwe

accurate way would _ ro s¢! up z fnrr'e h_hnre _._tern th:t! x_'nt_l(! rlirec_l_, rne:_ure the
.............. d ..................... ¢

forces on the model. Both of the.,,e method_ come with a cost of time and money.



APPENDIX A

NOZZLE PRESSURE RATIO ......... " .... "'_t._ ."ILL UL,._ It lqLt._,'_

T Thru,.l A Area

fil Mass Flo,,v Rate p Den.;i:v

\' VelociD, M Math Nu,p..hcr

Pe Exit Pre...,sure a Speed of Sound

Pa Ambient Pre,;sure R Gas C,,astant

t Temperature

TArT F Thrust Aft NozAe_. / Thru,t Fo_ard Nozzle

a = t-,/Rt 1112

i'Thru.,t Ratiol

THRUSI EQUATION T : _\," + !P,: - P,_ A

For an underexpanded nozzle Pe = Pa

T = fiaV = pAV2 = i l,c._[, ........x, ._K_r.,2. =, !,c,'R.? ! A !1.o.!! M 2 -- .Pe:'_.,',\'_2.... = Pa."""'12.....

For an overe,_panded no;,71c

• "'1

T = PeA'/M - + (Pc - Pa ._A

Pe = 0-52"a'3*Pa _ NPR

M = ! _all nozzles are ccmvcrgen: onb, and thcrefbrc choked,

Aft nozzles are o',erexpandcd, and the Fr,.,ttt nozzle is ur.derexpanded therefore

TA / TF = _PeAA2 ' .'Pc - P,.,} A.A ' i p. ^_,\1,-..2
• ' ' " d" "1- t-''r

v.here Pe = { 0.5283 * Pa " NPR }:\



Adchtional_ -.; ............... t , ...... dif_ ,- thi_ r.n,mti,-m t_', I'_-tT,'r rn:_t,_h the r, ne,':ttin¢,

conditions of NAS/Vs I,SPM. For more information. _ce Ref 5. Table I shows thc a_zrle

pressure ratios used for the corresponding nozzle thrust ratios.

: !

NIR i NPR ¢Ft:,_ _u'd,_ , NPR (Aft.)

0.92 1.31 2.21

o

1.5 : 1.31

' .!.9 I 1.09

3.03

3.03

"IABLL l:Nozzle Thrust Ratios ,an,-t (2orr.e_spo.n.d_i.ngNn_,_71e l_re,_ure Ratios.



APPENDIX B

EXPERIMENTAL RESULTS

Note ! :All measurements, arc in inches.

Note 2:Negative xalues indicate stagnation line aft of" main strut ccnterline,

F[£1(;_

NOSE

LWiYG

RWING

i.14 i 228

P. A-,.,.0,.., 050

-0.86 -0,5_

-I.14 -I 73

, • m

6 B5 i
4.57 !

C 65 i 058

t

I

0.16 ! 067

-.u.4, 027

5i4

l rlA

1,10

1 o8._ ,
{
t ,

I :

: i .23

...... q •

i

!7:3

1.35

0 93,

C.64

TABLE .."_ NTR = 0.92 No Walls No Str'ut_

t_IGHT ] 1 |,4 ) 2 28

NOSE ] -0C2 C.60

I.WING

RV_qNC

1
U',-_

_o.7oi _o.!,, o. 7

'1 'IP,

".50

1"/-2

i

i

1.44 092

TABLE 3: NTR = 0.92 No Walls Struts {Run 1)

4



i

NEIUFFT t " IZl

NOSE ¢" 12

LWING -0,8_

!

Rv,'IN(.) - 120

I _

i i

t
I 2 28
t
/L . , •

i 0.551

1

- d .,c-,"

TABLE 4: NTR = 0.92

.'.57

r, 70

0 2g

-O 35

057,

1

914

1.36

", 05

] 1.42

0,77

1.17

0_1

t.' ,3

1.75

l .U,.,

No Wall_, Strut.., (Run 2)

, , , , III

i 'h'EIC-HI l. 14
,,

NOSE -0 O?

L_q_;G - 1 10

R_q_O i -1.48

2.2fi

O48

-0.63

-i 73

457

O 57

0 [i3

-047
i
I J - -

T.&BLE 5: NTR = 0.92 Nu _,VaiL-

ii • i i i

0.85 ¢ 14

O78

U'¢3

0.5B

"'l

147

O

2

: :.ib

0.9_

"Z"

1.33

;71"_

!.18

I"?

1.25

Struts iRun 3 !

!

HEIGHT I
I

NOSE

LWING

R_ING

1"4

-:9.09

-I .26

j 1

I 2.28 !

I

0 37 '

i

i
I -c
I

; -1 ._3

t

0.7?

0 52

-0 i0

!
I

i
I

J

i

685 _ 14

C.98 1.02

I 22 1.5_
!

0 62 : 0 _2

11 42

' t ......

[
{
! 1,53
i

in i i i

"7.!3,

!
i
I

0.6,0

!.33

1

_.07 018

TABLE 6: NTR = 0.92 _¢I (.l/.l.'. ,.211.1 t._t.-,
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LWING

RWIN G

1.14 2.2£

I

P.29 C 96

+

"' _9

-0 19 r__,_ i
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4E'__J
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!.9-
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!
.._,. , 17.1.3
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|

! 72
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2 _2

320 d.*J

2_

TABLE 7: NTR = 1,5 No Wall:; No St_tg

HEIGH'r

NOSE

LWI'_G

RWING

i.i4

0.31

[).44

0.15

0 92

0 87

0.61

4 57 6.65

!.!0 _7£

I 1." '-)_!
I.L 'd'_ " _1

C 82

i
j 1,5,,?

t
I ¢_ o +

7

i

2O6 ' 2 3C

1;.42

15

266

TABLE S: NTR = 1,5 ll_-. b • r. 11 ._u uL',

17',,3

I 20_
i
i

i

! 292

L .....

ffEIGl-fl" _ i.14 ! 2.28

•'_ i

NOSE ;

7-

L V,'ING ;

i

RV¢ING i

0 22 096
+

037 0 85
L
(

016 053
I

, 4 57

' lL
i ¢+r 1

+

L.........

i

J

6,85 : q i z: l .42

i,76 :52 i : -73
i+ l

T I - ,

' 17 13i
i

• __...... :
t
i

i

2 3G

351

i z./B

[

i
+

248 t 2 72 215

z..._z z.zu 2 84

TABLE 9: NTR = 1.5 Walls Stn_l_



HEIGHT 1i4 2 26 .:: _' c,Z " "" "- I;
L.,,_

NOSE

LWING

2C !,;'2

2 _,,c-, 2.75

RWIN'G 2 _" 3 ' 0&.k., , •

I I II I I

fl "r*

i

TABLE 10: NTR = 4.9 Nc, %_.alls No Stra:>

n m m _ _

mqc, m" : I_4 ! 2.2_, 4 5.

NOSE : 0.92 ) 1 75 3_ j 3.52

1t ; ,

L_t>aU Z _.90 3,¢5 , z.¢,,_ i _'J':

t ' i
t

RglNG I) i ._0 : 3 18 { " 92 C I g,

5,3. =

!

m

._ 4 4: " " 2

.... "- 2-1 ....._.._,,.,, . _ _

£.h:, " .,', c a;.

i _. .,

TA, BLE 1 |i Nit "-- 4.9 Sc _>,*i- Strut_

lqEI6F/-r

- ,t

NOSE I
!

t

RWING

i

1.01

2.,37

188

'q "_ C [

I 1.61

i jt

327
1

T

I 2 75
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T -- -- --
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[
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APPENDIX C

PHOTOGRAPHIC RECORD OF TEST RUNS

1. NTR = 0.92 NO _,'.gLLS NO STRUTS

Figure 33 N"I'R = 0.92. Ground-Plane Height 1.14'"



F_i.gure _ NTR = 0.92, Gro_u.n.d-Pl_qe Height -,.,.-_,?'_°,-

Fi_.,: re 35 :,;TR = 092 Oro:nd-P;_ncH_:izht 4 5-



Figure 36 N'I'R = 0.92. Ground-Plane Hei_hl 6.85"

Figure 37 ._'T1R= 0.92. Ground-Plane Height 0.14"

A_



. °"

. J

F_rure 38 NTR = 0.92. Ground-Plane Height 1142'

Figure 39 N-I'P, = 0.92. Ground-P_ane Heigh_ 17 13"



I1. NTR--0.92 WALLS STRUTS

Figure 40 N'I'R = 0.92. Ground-Plane Height 6.85"



Figure 41 N"I'R = 0.92, Ground-Plane Height 9.14"

°

Figure 42 NTR = 0.92. Ground-Plane Height 1142'"

.,_f



Figure 43 NTR 0.... Ground-PlaneHeight 17.13

51



I I I liB i ii I I I I ......

Ill. NTR = 0.92 NO _,t,'ALLS STRUTS

f
/

f

\
Figure 44 NTR = 0.92. Ground-Plane Height i.l-*"



Figure 45
I

NTR = 0.92. Ground-Pl .aa.e Height 2.28"

i

Figure 46 NTR = 0.92. Ground-Plane Height ,: 57"

53



IJ i i i • i .....

Fi_rt 47 I_"£R - 0.92. Ground-Plane Height 6_85"

Figure 48 N-I"R = 0.92. Ground-Pla.ne Height 9 1,.;"

_4



Figure 49 N'I'R = 0.92, Ground-Plane Height 11.42"

%,..

!

Figure 50 NTR = 0}_2. Ground-P_ane Helgl-,t i =. 13"'

5_



IV. NTR= 1.5 NO %%AI,LS NO STRUTS

r=-

L, • ,

Figure 51

5: "" "

NTR = 1.5. Ground-Plane Height 1!4"



f

Figures2 NWR = 1.5. Ground-Plane Height 2.28"

O

• 'i:-_:'_ "_ i
'" "1'"u2"flm -_I_:_ "_"" "_ "i"" "_ '

_ -. :--_, __. '

NT"R = 1.5, Ground-Pt_e Height .:.57"

_7



• • iii .....

i

I

Figure 54 N'TR -'- 1.5. Ground-Plane Height 6.85"

Q

0

..o . .
°

:_.- . -_r,,-, • ..

Figure $5 NTR = _5. Grc,ur_d-Piane Heigh_ 91-1'



" •

Fi_,ure 56 NTR = ] 5. Ground-Plane Height ! 142"
v

Figare 57 NTR = 15 Ground-Pl,'_¢ Height 17 I3"



%. NTR= 1 _ V,.%LLS SIRLI-_ ¢,

Figure 58 N-rR = 1.5, Ground-Piane Height I lZ,"



Figure 60 N'I-R = ] 5, Groun:bPlane He:ghT -1.5:"

(,I



Figure 61 b,"l'R = 15. Ground-Plane Height 685"

Figure 62 NTR = _5. Grc't2nd-Pla.nc Heigl-,t 6.13"



t

Figure 63 NTR = i.5, Ground-Plume Height I 1.42"



VI. NTR = ] z NO WALLS STRUTS

Figure 64 NTR = 15, Ground-Plan_. Height _ 57



Figure 65 NTR = !.5. Ground-Plane Height 6.85"
(
e

Figure 66 NTR = I.Y. Grc, und-P_e Hci_h" 9._ -_'



Figure 67 NTR = i +5, GrouncI-P|_,ne Height 11.,_2"

Figure 68 NTR = 1.5. GrouwJ-Pt:_lc" He:_h" 1"_1.','



_II. NTR = 4.9 NO V(.,_I.,LSNO STRUTS

l

Figure 69 NTR = 4 L). Ground-P_e Heigh t i. 1_"



Figure 70 NWR = #.9. Ground-Plane Heigh.t,.._8

I

Ficure 71 NTR -- 4.9 Grour, d-Pia.:e Height z.57



q.

O

I

A

I

I

Fi _re 72

Figure 73

NTR = 4.9,

NTR = 4.c.

Ground-Plane Hei 685"

Ground-Plane HeiGht 914"

t.,



Figure 74 N-I'R = 4.9, Ground-Plane Height 11.42"...

Figure 75 N"['R = 4, + Ground-Plane Hei_,ht _7 13'



VIII. NTR= 4.9 _VALLS STRUTS

Figure 76 NTR = 4.9. Ground-Pi_ne Height 2._8"



Figure _R = 49. Ground-Plane Hei__ht 4.57"

Figur_ ,'78 NTR = .a.9. Groun_t-P:ane Height 6 _5'



I\. ._TR = 4.g .NO _,t, :%1+1.S STRI. TS



Figu_ 80 NTR = 4.9, Ground-Pl_e Heigh', ....$

l-i_ure 81 N]R = -:%. (3: 'ur-_-P! ,..:l:" He;th, '" ',._



Ground-Plane Heilbt 9.1-_"

Figure 83 NTik =.-.' _. C _.,,-P .... _ H,:_':'!:, i'. -. '





I.I_ I ()F RF.I" EREN( F._

.

?_.

Kandeb<_. S \V. 'Lockheed. Pratt ]c.,,t ASTOVL Concept." Aviar_or; lieck&

3p,2c: Techt_otoex. v. 141 no 15. pp...l,_-5t. 06 March 1995

Pr('.pu!,ion Acrodyn:_ mics."

Fehruar_ 1978

o n "Urrt, i:.,,,n_ Melh,,J_ t,_rJet \.'ST()I

.l,;t_r_._l. olAtrcr,.l[.'.. _-,1 15. no 2. pp..fig-fT. 2

_Vmston. ]_|.M.. Albane. I..F. a_d Gcnt_. G.I.. Jr., ".4 Si,npbfi_J Appro,_th for

Preltmtnarx E._timation t_t VTOI. lndutcd E/'fc_t_ tn th_x _r.' paper presented at

the Nav_ _orkshop on Prediction .Melhod_ fc,r JeL/VSTOL Propul._ion

Aerodynamics. V_a_hinglon D.C.. 28 Julx 1975.

Dooley. W., "An Experimental Invc.stigatnon of kt-laduced Grotmd Effects "and

Supptmt Strut Interference on a STOVL Configuration in Ho_er." Mitster's Thesis

Naval Post£raduate Schcmi. Monterey, CA, 1994

Margason. R.J., "CAll- Thrust and Effective Velocity Ratio." NASA AmeF,

Resem'c_ Center. 3 Max 1094 (Unpublished _.





.

.

¢

.

i

INITI._I. DISTRIBLTION LIST

I)efen_eTechnicalInformatio:_Cen:cr

Cameron Station

Alexandr:_, VA 223C_-6] ' :-

Llbrar2,.. Cod,-" 52

Naval Postgraduate SchooI

Mc, ntere,,. CA 939.13-5101

Chairman. Code AA/Co

Naval Pe_ctgraduate Sch,._l

Monterey, CA 93943-5 _.06

Professor S.K. HelWbar. Code .,t,A.fflt,_

Naval Po_gr'-_ School

Montere,,. CA 939-1.3-._ l(,WLc

Professor M. F. Platzcr. Code ._tpI

Naval Postgraduate ,_hc, ol

Monterey. CA 93943-5_rw9.:

Ml,:hae] l_y

5 i 5 E Lynnw cw3d A_ e

Ar_in_or_ Heights. n_ _0);-:

M,chael J. Ha:'ns

Aircraft Di'.lston Code Air-93]

Nax "adA_r S),terr.s ('cmm._r,d
V,,a_f'.mt-'ton.D.C 203r,'.,-932:)

Rich Marg.a.,,,;n
Code FFi. M.S. 24"7,'-2

NASA AmeR Research Cent.e,-

Moffert Field. C.,% 9-_'i35-10(y',

LarD. Olson

Cruel, Code }-'FT. M S 2..$-,-2

NASA Ames Re,.ea-,:h Cente;

Mofler, Fwld. CA 94h35-l'_+Y_,

No C(,pie;

.,}

3

.+



ii

10.

12.

13.

14.

17

Sam Wilson

Manager, STOV'L / C.M_.F Proiect

Code FPP. M.S. 237-2

NASA Ames Research Center

Moffert Field. CA 94035-I00_.!

Doug Wardw ell

Aerod.vni.mUc_, Mar, ager. STOVL / CALF Prejecr

Code ._PP, M.S "_ar ",

NASA Ames Research Cente_

Moffett Field. CA 94035-10/)a

Tim Naumowicz

Code FFF. M.S. 247-2

NASA Ames Research Center

Moffett Field. CA 94035-1000

Craig Hange
C_le FFF. M.S. 24%2

NASA Ame: Research Center

Moffett F_eld. CA 9a035-1000

Tmn Arledge
Code FFF. M,S. 2a7-2

NASA Ames Re:,earch Center

Moffen Field. CA 9ar_35-1 _

P-,u_ AskJns

Test Director. STOVI ;C,M_F Pr,'_.iec:
C_e F]:N. M S 22!-

NASA .aLrn¢.,,Re,arch Center

Moffet_ Field. CA 9,gO35-!(KK:

Peter Z¢II

Tear Director. $TOVI i CALF Prcwcr
Cede FFN. M.S 221-5

NASA Anurs Rese_,:h Center

Motfeu Field. CA 9_:235-1(,_',_

Ga,, m Botha

"les: Director. STf_VI_ ; CALF Pro;ect

CodeFFN. M S 221-5

NASA Amc, Re,each Center

.Moffen Fleiu CA 9.a'r,35-liT.,




